Ab initio molecular dynamics simulations reveal localization and time evolution dynamics of an excess electron in heterogeneous CO2-H2O systems J. Chem. Phys. 140, 044318 (2014) have been studied by using density functional theory, Møller-Plesset second order perturbation theory, and coupled-cluster theory with single, double, and perturbative triple excitations ͓CCSD͑T͔͒. The zero-point energy ͑ZPE͒ correction to the complete basis set limit of the CCSD͑T͒ binding energies and free energies is necessary to identify the low energy structures for NH 4 + ͑H 2 O͒ n=4,6 because otherwise wrong structures could be assigned for the most probable structures. For NH 4 + ͑H 2 O͒ 6 , the cage-type structure, which is more stable than the previously reported open structure before the ZPE correction, turns out to be less stable after the ZPE correction. In first principles Car-Parrinello molecular dynamics simulations around 100 K, the combined power spectrum of three lowest energy isomers of NH 4 + ͑H 2 O͒ 4 and two lowest energy isomers of NH 4 + ͑H 2 O͒ 6 explains each experimental IR spectrum.
INTRODUCTION
The understanding of the nature of solvated ions is one of the fundamental aspects of contemporary chemical and biological systems, [1] [2] [3] [4] in particular, where the interaction of hydrogen bonding is involved. 5 In this connection, a large number of experimental and theoretical researches have been carried out on the solvation of cations, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] anions, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] acids, 32, 33 bases, 34 and salts [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] in the gas phase as well as water clusters [47] [48] [49] [50] [51] [52] [53] and hydrated electron clusters. [54] [55] [56] [57] [58] These investigations have provided very useful information about the strength of binding between ions and solvent molecules and the structural details.
Ammonium water clusters are abundant in the biosphere. 59 The ammonium ion NH 4 + plays an important role in chemical, biological, and physiological molecular systems, [60] [61] [62] and it is one of the important ionic species in aqueous solution. Thus, a number of studies on hydrated ammonium cations have been reported experimentally [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] and theoretically. [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] Owing to its similarity to H 3 O + , the hydrated ammonium cation has been compared to the hydrated hydronium cation which has been extensively investigated experimentally [83] [84] [85] [86] [87] [88] and theoretically. [89] [90] [91] [92] The work on NH 4 + ͑H 2 O͒ 4−6 has suggested a number of structural isomers, because several low lying structures would be required for the interpretation of the experimental IR spectra. [72] [73] [74] [75] Interestingly, the experimental IR spectra of NH 4 + ͑H 2 O͒ 6 indicates an acceptor-acceptor-donor ͑AAD͒-type dangling hydrogen ͑H d ͒ peak at 3688 cm −1 . This suggests the structure with a nonclosed terminal͑s͒ which has at least one AADtype dangling hydrogen atom. In this regard, high level ab initio calculations on various important isomers of NH 4 + ͑H 2 O͒ n=4, 6 and the dynamic and thermal effects on the spectra of these clusters will provide in-depth understanding of structures responsible for producing the experimental IR spectra.
In this paper, we have carried out density functional theory ͑DFT͒, Møller-Plesset second order perturbation theory ͑MP2͒, and coupled-cluster theory with singles, doubles, and perturbative triples excitations ͓CCSD͑T͔͒ calculations, and first principles Car-Parrinello molecular dynamics ͑CPMD͒ simulations of NH 4 + ͑H 2 O͒ n=4, 6 . The calculation of the NH 4 + ͑H 2 O͒ n=4, 6 clusters yielded interesting insights into coordination numbers and the corresponding energetics. For both clusters, nearly isoenergetic structures are observed, both of which could contribute to the experimental IR spectra. In particular, we have identified a cage structure of NH 4 + ͑H 2 O͒ 6 which is more stable than any previously reported structure before the zero-point-energy ͑ZPE͒ correction. However, this structure turns out to be less stable ͑0.5 kcal/ mol͒ than the most stable isomer of NH 4 + ͑H 2 O͒ 6 on the basis of ZPE-corrected CCSD͑T͒ binding energy at the complete basis set ͑CBS͒ limit. Here we report that for each of the NH 4 + ͑H 2 O͒ 4 and NH 4 + ͑H 2 O͒ 6 clusters, the combined spectra from the CPMD simulations at 100 K on the lowest and other next lowest energy structures properly reproduce the experimental IR spectra of those clusters.
COMPUTATIONAL METHODS
To find the global minimum energy structure, we employed the basin-hopping global optimization 93, 94 with the density functional based tight-binding ͑DFTB͒ method. 95 Geometry optimization and harmonic frequencies were carried out with Becke-3-parameters exchange and Lee, Yang, Parr correlation ͑B3LYP͒ DFT calculations as well as MP2 calculations using the GAUSSIAN 03 suite of programs. 96 CCSD͑T͒ results were obtained with single point energy calculations on the MP2 geometries. The basis set superposition error ͑BSSE͒ correction was made after geometry optimization. We have investigated the CBS limit at the MP2 and CCSD͑T͒ levels of theory, where the CBS limit energy was obtained using the equation
͔ for the basis sets of aug-cc-pVDZ ͑N =2͒ and aug-ccpVTZ ͑N =3͒. 97, 98 We have investigated the spectral features of NH 4 + ͑H 2 O͒ 4,6 using B3LYP and MP2 calculations with the aug-cc-pVDZ ͑abbreviated as aVDZ͒ basis set and the power spectra from the CPMD simulations on selected isomers at 100 K. These first principles CPMD simulations employing the Becke-Lee-Yang-Parr DFT were carried out for 10 ps at 100 K using the CPMD code. 99 The core-valence interaction was described by a norm-conserving Trouiller-Martins pseudopential. 100 Valence wave functions were expanded in a plane wave basis set with an energy cutoff value of 70 Ry. A fictitious electron mass of 600 a.u. and an integration step of ⌬t = 4.135 a.u. ͑0.1 fs͒ were used. A Nose-Hoover thermostat was attached to every degree of freedom to ensure proper thermalization over the CPMD trajectory. During the simulations, we kept the molecules at the center of isolated cubic boxes of side lengths L = 10 Å for NH 4 + ͑H 2 O͒ 4 and L = 11 Å for NH 4 + ͑H 2 O͒ 6 . From the last 6 ps trajectory of the CPMD simulation, we have evaluated the time correlation function to investigate the spectra of the clusters in the equilibrium state. The Fourier transform of dipole moment autocorrelation functions ͑FT-DACFs͒ is carried out.
The infrared absorption spectrum can be computed from FT-DACF as
Here, the symbols are used to denote intensity ͑I͒, frequency ͑͒, Plank constant ͑ប = h / 2͒, inverse of Boltzmann constant multiplied by temperature ͑␤ =1/ kT͒, time ͑t͒, and dipole moment ͑͒. For computational and interpretative purposes, it is, however, more convenient to compute the autocorrelation function of the time derivative of the dipole moment:
as discussed by Schmitt and Voth. 101 Therefore, this method is employed in our calculations. Since FT-DACF provides the information about dipole moment change resulted from vibrational motions of molecule, FT-DACF is considered to be similar to the experimental IR spectrum. The Fourier transform of velocity autocorrelation function ͑FT-VACF͒ is often useful for the frequency analysis with intensities representing the rovibrational density of states. This FT-VACF is used in our mode analysis with the motion of a few atoms involving a specific stretching/bending mode. As we have used the energy cutoff of 70 Ry, these vibrational frequencies are scaled with the factor of 1.07, which will be further discussed later.
Although FT-DACF is known to be more realistic for the comparison with the experimental spectra, the intensity of the spectra in high frequency region ͑Ͼ3500 cm −1 ͒ often tends to be poorly described ͑i.e., underestimated͒, and so the peaks become too weak ͑or almost disappear͒. [90] [91] [92] On the other hand, FT-VACF which also reflects some of the power spectra is known to overestimate the intensity of the spectra in high frequency region.
RESULTS AND DISCUSSION
The binding energies and thermodynamic quantities of these isomers at the B3LY/aVDZ level are listed in Table I and those at the MP2/CBS and CCSD͑T͒/CBS levels are in Table II . 33 All our discussion will be based on the CCSD͑T͒/ CBS results unless otherwise specified, because these results are considered to be very reliable. Figure 1 shows three most stable isomers ͑4a / b / c͒ of NH 4 + ͑H 2 O͒ 4 and five low energy isomers ͑6a / b / c / d / e͒ of NH 4 + ͑H 2 O͒ 6 . In terms of the CCSD͑T͒ energies, on the BornOppenheimer potential surface ͑i.e., in ZPE-uncorrected interaction energy, ⌬E e ͒, the lowest energy structure for NH 4 + ͑H 2 O͒ 4 is a surface structure 4b which has a free NH group in NH 4 + . This surface structure 4b is 0.9 kcal/ mol lower in ⌬E e than an internal structure 4a where the NH 4 + ion forms four hydrogen bonds with a complete tetrasolvated shell. However, in the ZPE-corrected interaction energy TABLE I. B3LP/aVDZ binding energies and thermodynamic properties for low energy structures of NH 4 + ͑H 2 O͒ n=4, 6 . The chirality correction for the free energy changes for 4b-c and 6b-e is made by −RT ln 2. The symmetry effect on the rotational free energies of 4a and 6a is taken into account. ͑⌬E 0 ͒ and free energy at 100 K ͑⌬G 100 K ͒, 4a is the most stable, lower than 4b by 0.7/ 0.8 kcal/ mol and 4c by 1.6/ 1.3 kcal/ mol, respectively. Thus, 4a and 4b are competing structures, while 4c is slightly less stable. The B3LYP/ aVDZ and MP2/CBS results are also similar to the CCSD͑T͒/CBS results. In the case of NH 4 + ͑H 2 O͒ 6 , the internal types ͑6a / b / c / e͒ have the shapes that all four H atoms in NH 4 + are hydrogen bonded with the first shell, while the surface type ͑6d͒ has the shape that only three hydrogen atoms of NH 4 + are solvated. One of the isomers 6e ͑locally stable at the B3LYP/aVDZ level͒ eventually merges to 6a during the MP2/aVDZ optimization. On the Born-Oppenheimer potential surface ͑in ⌬E e ͒, the lowest energy structure is the surface structure 6d at the B3LYP/aVDZ level, while those at the MP2/CBS and CCSD͑T͒/CBS levels are the internal structure 6c. With the ZPE correction ͑in ⌬E 0 ͒, the lowest energy structure at the B3LYP/aVDZ level is 6b, while those at the MP2/CBS and CCSD͑T͒/CBS levels are 6a. In terms of free energy at 100 K ͑⌬G 100 K ͒, 6b is the lowest energy structure at all three levels of theory, while 6a / 6c is 0.9/ 1.0 kcal/ mol higher at the CCSD͑T͒ level.
B3LYP/aVDZ
In ammonium water clusters, the individual water monomer is linked by different kinds of H bonds such as single proton acceptor ͑A͒, double acceptor ͑AA͒, single donor ͑D͒, single acceptor-single donor ͑AD͒, and double acceptorsingle donor ͑AAD͒. The spectral shifts are found to be strongly dependent on the number of donors, whereas the dependency on the number of acceptors is rather small. Each type of molecule in the clusters tends to show its own characteristic frequency shifts depending on its H-bond type. Table III reports B3LYP/aVDZ frequencies, MP2/aVDZ frequencies, and CPMD frequencies, which are compared to the available experimental frequencies. 73 To best match the calculated frequencies with the experimental ones for the most of the OH stretching frequency range ͑3000-3800 cm −1 ͒, we choose the scale factor such that both the highest and lowest strong peaks in experiments match the corresponding calculated frequencies. Since this identification is particularly clear for 4b in calculations, both the highest strong peak ͓͑ADH d AA͒ : 3710 cm −1 ͔ and the lowest strong peak ͓͑H nh ͒ : 3075 cm −1 ͔ in the experimental spectra for the cluster of n = 4 are matched to the corresponding CPMD peaks ͑3710 and 3079 cm −1 ͒, MP2/aVDZ peaks ͑3724 and 3060 cm −1 ͒, and B3LYP/aVDZ peaks ͑3751 and 3027 cm −1 ͒. 6 . CCSD͑T͒/CBS energies are calculated by applying the correction term ͑the difference of the ZPE/thermal interaction energies between BSSE-corrected MP2/aVDZ and CCSD͑T͒/aVDZ͒ to the MP2/CBS interaction energies by using the extrapolation scheme utilizing the electron correlation proportional to N −3 for the aug-cc-pVNZ basis set ͑Ref. 97 and 98͒. At the MP2/aVDZ level, structure 6e merged to 6a. The chirality correction for the free energy changes for 4b-c and 6b-e is made by −RT ln 2. The symmetry effect on the rotational free energies of 4a and 6a is taken into account. 6 clusters with their available experimental spectra, repectively. 73 Our frequency analysis vis-a-vis the experimental data will be on the basis of the CPMD power spectra at 100 K which show better agreements than the scaled harmonic frequencies based on the ab initio spectra at 0 K.
MP2/CBS −⌬E
The combined CPMD power spectra of the three isomers ͑4a, 4b, and 4c͒ of NH 4 + ͑H 2 O͒ 4 at 100 K reasonably explain the experimental IR spectra. In Fig. 2 , we have shown the FT-VACF, FT-DACF, and experimental vibrational spectra of the NH 4 + ͑H 2 O͒ 4 clusters. Since B3LYP and MP2 results are based on harmonic frequencies at 0 K ͑though they are scaled to match the experimental values͒, the CPMD spectra which reflect the anharmonic potential surfaces are more realistic, close to the experimental data. Thus, the comparison of the experimental spectra is made particularly with the CPMD simulation results. In infrared spectrum, the experiment shows strong peaks ͑in cm −1 ͒ at 3710, 3642, 3213, 3116, and 3075. 4b predicts strong infrared peaks at 3710, 3182, and 3079, and 4a predicts strong peaks at 3639, 3236, and 3115. Thus, the experimental wide band around 3213 would correspond to the sum of the strong peak 3182 of 4b and the very strong peak 3236 of 4a, and the strong peak of the experimental band around 3116 would correspond to the strong peak 3115 of 4a. The weak experimental peak at 3771 corresponds to the predicted peak at 3763 of 4a, since 4b and 4c do not show such a peak. The weak experimental peak at 3543 corresponds to the predicted peak 3520 of 4b.
We realize that 4c ͑which shows strong peaks at 2901 and 2819͒ would be present in a small fraction to explain the weak experimental peaks around 2925 and 2780. As can be seen from the combined power spectrum for 20% 4a, 70% 4b, and 10% 4c ͑Fig. 2͒ which is similar to the experimental spectrum, 4b would be the most abundant species, followed by 4a and 4c. This seems to be contrasted with the prediction that 4a is slightly lower in ⌬G 100 K than 4b by 0.7 kcal/ mol and 4c by 1.2 kcal/ mol at the CCSD͑T͒/CBS level. However, it should be noted that the thermal energies were corrected with the MP2/aVDZ harmonic frequencies, despite that the dangling water molecules in clusters would show significant anharmonic behavior for the torsional modes. Since 4b is considered to be more anharmonic than 4a, it is possible that 4b would be more stable in free energy than 4a. In this regard, 4b is likely to be more abundant than 4a. Since 4c is considered to be more anharmonic than 4b, it is possible that 4c would compete with 4a. Although the FT-DACF explains most of the spectra, it does not show the experimental strong peak at 3642. For 4a and 4c, the strong peak of symmetric O-H stretch ͓ s ͑AH d ͔͒ is not visible in FT-DACF, but is clearly visible with strong intensity at ϳ3640 in FT-VACF. Even the FT-VACF of 4b shows such a peak, though not strong enough ͑Fig. 2͒. Overall, it would be better to consider both FT-DACF ͑in particular, for Ͻ3300 cm −1 ͒ and FT-VACF ͑in particular, for Ͼ3500 cm −1 ͒. The MP2 and B3LYP spectra for NH 4 + ͑H 2 O͒ 4 clusters are given in supplementary material, 102 which though difficult in the analysis, show similar results to the CPMD spectra.
The combined CPMD power spectra of the two nearly isoenergetic isomers ͑6a, 6b͒ of NH 4 + ͑H 2 O͒ 6 clusters at 100 K properly explain the experimental IR spectra. Figure 3 presents the FT-DACF, FT-VACF, and experimental vibrational spectra of NH 4 + ͑H 2 O͒ 6 clusters. In infrared spectrum, the experiment shows strong peaks ͑in cm −1 ͒ at 3719, 3463, 3394, 3227, 3146, and 3053. 6b predicts strong ͑or mid/ weak͒ IR peaks at 3709, 3425͑3453͒, 3328͑3392͒, 3264͑3215͒, ͑3147, 3115͒, and ͑3043͒. Furthermore, experimental peaks at 3740, 3688, 3651, and 3494 are consistent with the calculated weak peaks of 6b at 3740, 3677, 3642, and 3485 because other structures do not show such peaks. The experimental strong peaks at 3719 and 3227 would correspond to the calculated strong peaks of 6a at 3713 and 3232 in terms of their peak strength. As can be seen from the combined power spectrum of 40% 6a and 60% 6b ͑Fig. 2͒ which is similar to the experimental spectrum, 6b would be the most abundant species, followed by 6a, while 6c would hardly exist. Upon comparing the average total energies of the last 6 ps of the CPMD simulations of NH 4 + ͑H 2 O͒ 6 , 6a and 6b are nearly isoenergetic, while 6c is 0.5 kcal/ mol less stable. The B3LYP and MP2 spectra for NH 4 + ͑H 2 O͒ 6 are also given in supplementary material.
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CONCLUSION
We have studied the structural isomers, energy and IR spectra of ammonium water clusters of NH 4 + ͑H 2 O͒ n=4, 6 . The three nearly isoenergetic structures of the NH 4 + ͑H 2 O͒ 4 clusters ͑4b, 4a, and 4c͒ are found to contribute to the experimental IR spectra, while 4b is likely to be dominant. However, 4a is predicted to be a slightly lower energy structure at the CCSD͑T͒ level. Nevertheless, 4b is considered to be much more anharmonic than 4a due to the existence of dangling water molecules in 4b. Thus, we expect that 4b would be eventually lower in anharmonicity-corrected free energy around 100-200 K than 4a, so that 4b would be more abundant than 4a in the experiment. For the NH 4 + ͑H 2 O͒ 6 clusters, the combined CPMD spectra of the two nearly isoenergtic structures ͑6a and 6b͒ of NH 4 + ͑H 2 O͒ 6 well explain the experimental spectra, while 6b would be slightly more populated. Thus, for both NH 4 + ͑H 2 O͒ 4 and NH 4 + ͑H 2 O͒ 6 , their experimental spectra are explained by the combined CPMD power spectra of the two lowest energy isomers around 100-200 K.
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